Abstract. Evaluation of strawberry resistance to crown rot caused by Phytophthora cactorum is usually performed on a limited number of genotypes. The major objective of this study was to screen large genetic resources to identify potential parents that can be further used in breeding programs. Plants were inoculated by wounding the crown and placing a mycelium disk on the wound. Firstly, plug and cold stored plants were evaluated for their susceptibility to P. cactorum. Secondly, a total of 107 genotypes was evaluated using cold stored plants. Plug plants were very low affected by the wounding inoculation with P. cactorum whatever the genotype, whereas results obtained using cold stored plants consistently reflected the susceptibility of the genotype to crown rot. By using cold stored plants, we evaluated the susceptibility of 70 varieties and 37 advanced lines. Among the genotypes, we identified varieties such as Cirafine or Cireine with high level of resistance similar to the one of Senga Sengana. These data will be useful for choosing parents in breeding programs and for validation of markers linked to the resistance to P. cactorum.
Introduction
Strawberry plant diseases caused by viruses, bacteria, phytoplasmas, fungi, and nematodes result in severe economic losses in plant and fruit productions. Control of plant diseases using methods that are both economically and environmentally sustainable is essential to provide a regular production. More particularly, management of soilborn pathogens is a challenge when looking for alternatives to methyl bromide, which became banned in 2005 following the Montreal Protocol [1] .
One of the major soilborn pathogens in Europe is Phytohthora cactorum (Lebert and Cohn) J. Schröt. This pathogen causes both crown rot and leather rot of fruits [2] . In fields, the first symptoms observed are a stunting of plants or wilting of young leaves and a dissection of the crown reveals a brown necrosis. According to the extension of this necrosis, partial or entire collapse of the plant is observed and plants die when all vascular vessels are disintegrated. In most cases, symptoms of wilt appear first at the upper end of the crown and spread basipetally [3] and roots often are brown discolored. When fruits are infected, they do not ripen and turn leathery in texture. Crown rot symptoms can appear similar to those caused by anthracnose, but crown tissue infected by the anthracnose pathogen usually takes on a darker cinnamon discoloration, which is more dark brown in case of crown rot. Diagnostic clinics of root surface scrapings under a microscope might reveal P. cactorum oospores in the tissues, furthermore, culturing samples of the pathogen isolated at the border of the necrosis would definitely confirm the presence of this fungus.
In Europe, strawberry crown rot was first reported in Germany in 1950 [4] , then in France in 1960' [5] . It was more recently reported in Northern countries of Europe such as Finland in 1991 [6] and Norway in 1992 [7] . Until 2005, the control of diseases was achieved by soil disinfection using methyl bromide. Today, new cultural practices such as soilless culture or production of plug or tray plants under a scheme of certification [8] limit the development of diseases including crown rot caused by P. cactorum. As these methods do not allow a full control of crown rot, particularly in nurseries of plug or tray plants where recirculating irrigation system may be used, strawberry cultivars resistant to this disease could represent a promising step forwards in reducing plant losses.
Few studies report analyses of susceptibility variability of strawberry to P. cactorum. Results of inoculation performed on diploid Fragaria species showed no indication of any of these species being more resistant or susceptible than others to P. cactorum and no systematic differences resulting from geographic origin [9] . In the cultivated strawberry, F. x ananassa, variability of susceptibility of genotypes or cultivars was mainly reported in studies comparing different methods of inoculation, [10] [11] [12] [13] [14] . A single large study showed that resistance varied greatly between the 31 genotypes that were tested and offering high levels of resistance for further breeding programs [15] . Inheritance of resistance to P. cactorum was reported using 50 bi-parental crosses among 20 elite genotypes [16] . Results suggested additive, polygenically inherited resistance, which agreed with several QTLs found in a segregating population [17] and that offspring from crosses could display transgressive segregation with phenotypes covering the scale from highly resistant to very susceptible [15] . This paper describes firstly the effect of the type of plants, tray plants or cold stored plants, on the level of susceptibility to P. cactorum after artificial inoculation. Secondly, using cold stored plants, a large collection of 107 cultivated strawberry genotypes including 70 varieties and 37 advanced lines from the breeding program of Ciref was evaluated against crown rot caused by P. cactorum.
Materials and methods

Plant material
A total of 70 varieties and 37 advanced lines from the breeding program of Ciref was evaluated (Table 1) in the GenBerry project (https://www.bordeaux.inra.fr/genberry/pages/sum.htm). Their description was included in the database released by GenBerry (http://www.bordeaux.inra.fr/eustrawberrydb). Inoculation tests were performed over three successive years.
Cold stored plants were obtained from field nurseries while plug plants were raised under plastic tunnel. Both types of plants had no treatment against P. cactorum. After their harvest in December for plug plants, or early January for cold stored plants, they were stored at minus 1.5 • C and 80% humidity until their inoculation in February or in March.
Inoculum production
The strain S22 of Phytophthora cactorum isolated by J.C. Navatel (Ctifl) was maintained in liquid nitrogen since 2004 at the UREF-INRA-Bordeaux. Cultures were initiated by transferring mycelium loaded potato dextrose agar (PDA)-disks maintained at −80 • C from stock cultures to PARB selective medium. For this step, the disks were quickly thawed at room temperature, briefly dipped in sterile water, drained on sterile absorbent paper, and transferred on PDA medium at 23 • C. About 5 days later, when the diameter of the culture had reached 1 to 2 cm, tips of hyphae were transferred on a selective medium (e.g. PARB medium). For the inoculum production, cultures were transferred on V8-oatflakes-agar medium grown in 90 mm diameter Petri dishes and kept at 23 • C in a darkroom. Inoculum consisted of 5 mm diameter mycelium disks sampled from the leading edge of 5-10 days old cultures. Before the first inoculation test of this study, purity, viability and pathogenicity of the strain were checked. 
Inoculation tests
All plants were placed at 4 • C three days before inoculation for thawing. Cold stored plants were washed under cold running water on the day before inoculation and their roots were cut 6-8 cm below the crown. Plants were inoculated as described before by Pitrat and Risser [10] . After gently wounding crowns using a scalpel to lay a few vascular vessels open, a mycelium of PDA-disk of 5 mm diameter was placed on the wound and held in place by sealing the crown and the mycelium disk with a plastic film wrapped around the crown. Control plants were likely treated without mycelium disk. Plants were then transplanted into 10-cm plastic pots containing a mixture of pasteurized sand and soil (1:3, v/v). Pots were placed in a greenhouse with 22 ± 4 • C day temperature and 17 ± 4 • C night temperature. High relative humidity, 75-85% rh, was maintained during the week after inoculation using a fog system. Inoculation tests were performed from end of February to end of April with day length varying from 10h30 to 14h00 respectively. No extra light was added.
For each experiment, 10 plants were inoculated and five control plants were included to confirm that commercial samples of genotypes were free of diseases. The 10 inoculated plants were randomized in bulks of five in two blocks while the five control plants were placed into a different compartment in the greenhouse to avoid cross contamination by splash dispersal. Experiments were performed twice a year and during three successive years. During the first year, the effect of the type of plants -plug plants and cold stored plants-was evaluated on a limited number of genotypes, while, during the second and the third year, the variability of susceptibility of a large range of genotypes was evaluated using cold stored plants.
Disease response
Eight days after inoculation, the plants were treated against Botrytis cinnerea (Rovral 2g/l). On day 15, the growth of plants was visually assessed on control cold stored plants. When plants failed to grow for some genotypes, we considered that the quality of these cold stored plants was poor and these genotypes were discarded for further analysis for the experiment in which they failed.
Crown disease responses were recorded 28 days after inoculation on a scale of 0 to 5 according to the size of the necrosis. The crown was cut longitudinally in slices of 0.5-1 mm thickness to have a three-dimensional representation of the necrosis and hence an accurate reading of it. A definition of the main scores assigned to this scale is as follows: 0 = no symptoms, 1 = necrosis inferior to 1 mm, 2 = necrosis of 1-2 mm; 3 = necrosis of 2-3 mm; 4 = necrosis of half the crown; 5 = necrosis spread into the entire crown (Fig. 1). 
Statistical analyses
Analysis of variance (ANOVA) was performed for disease response followed by a Bonferroni test using SAS software (SAS Institute, Inc., Cary, NC). Since the scale of disease responses comprises 11 steps, with intermediate scores, they were considered as quantitative and subjected to a variance analysis performed with the general linear model procedure (PROC GLM in SAS). A Bonferroni test was used to separate means.
Results
All inoculation tests were successful and wilt symptoms started to appear on the most susceptible genotypes about two weeks after inoculation. In each of experiment, 10% of genotypes were removed because at least one of their control plants did not grow 15 days after inoculation. (Table 3) . Only results of inoculation on cold stored plants clearly separated the genotypes according to their susceptibility whereas results of inoculation on plug plants gave statistically similar crown disease responses whatever the genotype (Table 3) . Therefore, in order to screen for cultivar resistance to P. cactorum, we chose hereafter inoculation on cold stored plants rather than on plug plants.
Screening test on varieties and advanced lines using cold stored plants
Among the 107 genotypes, four were evaluated in only one experiment, 40 in two experiments, 25 in three experiments and 38 in all four experiments. ANOVA was carried out using the four experiments performed on two successive years. The effects of genotype and experiment were significant while the effect of [genotype × experiment] interaction was not significant (Table 4) . Therefore, we applied the Bonferroni test on data using all experiments to classify the experiments and the genotypes according to their susceptibility to P. cactorum. The two experiments performed at the end of February in 2009 and 2010 were more severe (disease response means of 1.55 and 1.42 respectively) than the two experiments performed at the end of March the same years (disease response means of 1.22 and 1.18, respectively).
Genotypes displayed continuous values of crown disease responses from very resistant (e.g. crown disease response of 3.06 for Cambridge Favourite) to very susceptible (e.g. crown disease response of 0.36 for Senga Sengana) with all intermediate degree of susceptibility as shown in Fig. 2 (Table 5) . Results of Bonferroni test allowed the classification of the 107 genotypes into overlapping groups. Sixty five cultivars, with crown disease responses ranged from 3.72 (Segaline) to 1.1 (Hative de Caen) (Table 5 ), displayed a susceptibility statistically similar to the one of the cultivar Cambridge Favourite ranged as very susceptible [10, 23] . Nine cultivars displayed a level of resistance similar to the one of Senga Sengana, used as resistant control in numerous works [review in 15] . Among these nine genotypes, Docteur Morere is a very old variety released in 1871. Some genotypes, such as Cigaline, showed large variation between experiments (crown disease responses varied from 1.24 to 2.60) while low variation was observed for other genotypes such as CF3008 (crown disease responses varied from 1.11 to 1.25).
Discussion
In Europe, the development of cultivation techniques was accompanied by the development of different types of plants. As a consequence, nurseries adapted their cultures to obtain different types of plants such as plug, tray, fresh and cold stored plants. Here, we reported that inoculation of P. cactorum on cold stored plants gave more consistent results than on plug plants, which are plants obtained in July from runners and raised under tunnel until they were placed at −1.5 • C for chilling requirement. The last were very low affected by the wounding inoculation with P. cactorum whatever the genotype, whereas results obtained using cold stored plants consistently reflected the genotype susceptibility of the crown to P. cactorum. In addition by using cold stored plants, we reported the largest study on genetic screening for susceptibility to P. cactorum in the cultivated strawberry. In Eikemo et al. [12] , authors reported that inoculation of cold stored plug plants gave more uniform results than inoculation on non-cold stored plug plants. Hypothesis of cold storage to shift plants into their most susceptible state was suggested. In our experiment, both types of plants received cold storage treatment, naturally in the nursery field for cold stored plants and controllably in the climatic chamber for plug plants. Low temperature observed in natural conditions would injure crowns more severely and as a result increase their susceptibility to crown rot [18] . Crown rot in cold stored plants could also result of infections prior to cold storage [11] . To avoid this problem, absence of symptoms all along the inoculation test on non-inoculated control plants is critical.
Other factors than the type of plants may influence screening test. One of them is the preparations of inoculum of P. cactorum, which can be prepared as zoospores poured onto the crown [9, 11, 15] , as sporangia added in container [14] , as agar disks of mycelium placed on the wounded crown [10] , as homogenates of mycelium on strawberry in vitro shoots [13] , or V8 juice-vermiculite-oat medium permeated with P. cactorum incorporated in soil [16] . In this study, use of mycelium disks was preferred, because it has given consistent results over several years for disease responses of genotypes and for inoculum preparation. Another factor is the strain used in the screening test since specific interaction can exist between genotypes and isolates as previously described for anthracnose in strawberry [19, 20] . However, pathogenicity of P. cactorum, isolated from crown rot did not show large variability [21, 22] whereas crown rot isolates were different from leather rot isolates [21] .
To be an efficient screening test for evaluating resistance to P. cactorum, inoculation test was repeated to confirm the level of genotype resistance in addition to the presence of replicates for each experiment. In this study, two years of inoculation test with two tests per year were enough to give consistent results. Variability observed between inoculation tests could be due to the influence of environmental conditions (Pitrat and Risser xxx). In order to standardize the protocol and overcome problem of repeatability, control genotypes have to be included in each experiment. In our work, the cultivars Senga Sengana and Cambridge Favourite were useful as resistant and susceptible cultivars [10, 12, 23] .
Strawberry breeding began in England in the late 1700 s, followed by France and Germany. The first selected European cultivars were used as genitors in early American breeding programs, together with American native cultivars [24] . The origin of strawberry and these early breeding practices reduced initial genetic variability. As an example, pedigrees of 134 North American cultivars were traced and shown to originate from only 17 cytoplasmic sources [25] . Despite introgressions of wild strawberry germplasm increased initial diversity of the cultivated strawberry, loss of diversity was observed in modern strawberry cultivars [26, 27] . However, our results showed that advanced lines can display large variability from high to low level of resistance (Table 5) . Therefore, breeding for resistance is a powerful strategy for controlling diseases in the cultivated strawberry.
Efficiency of breeding programs could be improved by developing marker assisted selections as developed for anthracnose resistance [19] . Since the mode of inheritance for resistance to P. cactorum is likely polygenic [16, 17] , which is suggested by the continuum of level of disease resistance in a range of cultivar, a strategy for the identification of QTLs will be developed. Then, markers flanking the most significant QTLs will be used for validation on germplasm. For this strategy, the use of the diploid Fragaria, which genome sequence is available [28] will be very useful, since the octoploid and the diploid genomes are almost collinear [29, 30] .
